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Abstract 11 
Hydraulic Cylinder (HC), one of the key components of Horizontally Reversible 12 
Plough (HRP), takes the responsibilities for the commuting soil tillage of HRP. The 13 
dynamic behaviors of HC surely affect the tilling performances of HRP. Based on our 14 
previously related work, this paper further addresses the effects of HC movements 15 
during tillage on ploughshare, especially on share-point, of HRP. For HC, uniform 16 
motion was considered in this study. A combined finite element and multi-body 17 
dynamics analysis (MDA) was implemented to assess both tillage kinematics and 18 
kinetics of the ploughshare. These numerical predictions were primarily involved in 19 
five different HC movement scenarios and two actual HRP tilling conditions, 20 
respectively, where loading data due to the HC movements were obtained from an 21 
MDA and applied to load a finite element modal of the ploughshare. Our results show 22 
that the importance of performing MDA as a preliminary step FEA to obtain an 23 
insight into the actual stress and strain variations at the share-point. Our findings 24 
demonstrate that the different movements of HC cannot have an adverse effect on the 25 
service life of the ploughshare though they result in the maximum stress and strain at 26 
the share-point during HRP tillage.    27 
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   In agricultural practices, soil tillage is the largest consuming operation due to so 31 
much energy necessary for soil cutting to obtain the desired soil physical conditions 32 
for plant growth (Natsis, et al., 2008). As for this, the mouldboard plough is generally 33 
used and, consequently, development of the ploughs with high efficiency is a domain 34 
of interest of many researchers (Shmulevich, 2010; Okayasu et al., 2012). For 35 
example, A.E.Farid Eltom (2015) adopted the trash-board with mold board plough to 36 
reduce the force requirement in tow condition of straw.     37 
Horizontally Reversible Plough (HRP), developed by Xin-Jiang Agricultural 38 
Mechanization Institute (XJAMI) of China, is also a novel mouldboard plough. The 39 
distinguished advantage of HRP, compared with the regular mouldboard plough, is 40 
that it can perform a continuous and alternative commuting tillage with excellent 41 
operation performances (such as steady tilling and orderly soil cutting) (Lin Zhu et al., 42 
2006). Figure 1 schematically illustrates two different tillage processes of HRP in real 43 
field conditions, where symbols I and II separately denote the two different limited 44 
tillage positions of HRP. That is, HRP can continuously and alternatively commute 45 
between left and right (Fig.1 (A)), or between left and middle (Fig.1 (B)). In addition, 46 
n in Fig.1 indicates the rotational speed of Basic Beam (BB) with respect to Main 47 
Beam (MB). Note that n is also the rotational speed of the plough body because of it 48 
being attached to BB.  49 
In HRP there exists an indispensable component, i.e. a small-cubage hydraulic 50 
cylinder (HC) with double functions, which compels Basic Beam (BB) to rotate with 51 
respect to Main Beam (MB), and then BB drives the plough body to implement the 52 
alternative commuting tillage of HRP (Fig.1). However, the dynamics behaviors of 53 
the alternative commuting due to HC movement surely have an adverse effect on the 54 
components of HRP, e.g. BB. As such, it is pivotal to study how HC affects the 55 
dynamics behaviors of BB and optimize the motion type of HC. The previous 56 
research evidences have demonstrated that uniform motion applied for HC favors 57 
HRP, and that the dynamic impact due to the uniform motion has no detrimental 58 
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effects on the service life of BB (Lin Zhu et al., 2006 and Lin Zhu et al., 2008). But 59 
there exists another question whether the foregoing impact loads have an adverse 60 
effect on the two essential engaging components of HRP, i.e. ploughshare and 61 
mouldboard. This study therefore focuses on the effect of the dynamics of the 62 
alternative commuting tillage on the ploughshare, especially on share-point. Generally, 63 
the tillage performances of share-point are strongly associated with the service life of 64 
ploughshare.  65 
Currently, a combined finite element analysis (FEA) and multi-body dynamics 66 
analysis (MDA) approach has received much attention as a strong tool to investigate 67 
functional morphology in mechanical design. For example, Woohyung Kim et al. 68 
(2010) used a method combining finite element analysis (FEA) and multi-body 69 
dynamics analysis (MDA) to develop a new anisotropic beam finite element for 70 
composite wind turbine blades. S. Aguib et al. (2014) adopted kinematic and kinetic 71 
techniques to obtain the dynamic behaviors of a magnet-orheological elastomer 72 
sandwich plate. Gregorova Adriana et al. (2013) employed multi-body dynamics 73 
modeling to successfully determine humidity response of kraft papers. The main 74 
advantages of using the methods are that the performances of mechanical components 75 
can be analyzed on a system level and then the loads acting on these structures can 76 
further be predicted and also applied to a modal of theirs (Geradin M and Cardona A, 77 
2001, Dai JC et al., 2011, Oguamanan DCD, 2013, A.E.Farid Eltom et al., 2015). 78 
Consequently, the patterns of strain and stress across the mechanical components can 79 
be obtained accurately. This is very useful to understand the properties and behaviors 80 
of more complex and specific structures and, hence, further optimize and improve the 81 
performances of these components. However, to the best of our knowledge, so far 82 
there are few studies in literature for the performances of HRP by using a combined 83 
MDA and FEA approach.  84 
The aim of this study, based on our previously related work, is therefore to use a 85 
combined FEA and MDA approach to numerically investigate the effects of various 86 
HC movements, under the two tillage scenarios, on the share-point of HRP.  87 
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2 Materials and Methods 88 
2.1 Geometric model  89 
SolidWorks was used for the HRP solid model construction. The detailed 90 
modeling procedure is depicted as follows: firstly, the 3D models of parts and 91 
components were constructed with feature-based modeling approaches; then, Virtual 92 
Assembly Technology (VAT) was employed for assembling HRP; finally, Interference 93 
Check Technique (ICT) was used for verification of the 3D HRP model (Fig.1). 94 
Detailed geometrical data of HRP are available in Ref. (Lin Zhu et al., 2016).In the 95 
practical application HRP has 2.8 m length, 2.35 m width and 1.2 m height (Lin Zhu 96 
et al., 2008).  97 
2.2 Kinematic and kinetic analysis 98 
A three-dimensional model of reversing mechanism of HRP is illustrated in Fig.2 99 
(A). Figure 2 (B) shows its simplified kinematic diagram. This diagram consists of the 100 
main components of the mechanism, e.g. Basic Beam 1, Reversing Rod (RR) 2 and 101 
Hydraulic Cylinder 3. The detailed information on HC is presented as follows: 102 
cylinder piston position is 0c n Bx L L p  , where 0L   and nL are the initial and current 103 
lengths of the cylinder; Ap and Bp are separately the pressures of the plus and minus 104 
chamber of HC (Fig 1(D)).   105 
In the kinematic diagram, as shown in Fig.2(B), A, E and O are fixed pivots of 106 
the reversing mechanism, respectively; B and D are hinges joining HC and RR, BB 107 
and RR, respectively. The pivot D slides along the axis of BB. Thus, the connection 108 
between D and BB is a sliding pair. In order to better understand the kinematics and 109 
kinetics characteristics of the reversing mechanism, we assume that , as shown in 110 
Fig.2 (B) , (1) The vertical and horizontal distances between pivots A and O are h and 111 
a, respectively, and (2) the lengths of OB, AB, AE, AD and DE are designated as S, R, 112 
K, L and M, respectively. Note that the magnitudes of S and M herein both vary with 113 
the BB’s position variation. In addition, the angles i (i=1~4) are also defined as 114 
shown in Fig.2.   115 
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2.2.1 Kinematic analysis 116 
2.2.1.1 Velocity analysis 117 
For HC, as mentioned above, uniform motion is specified during HRP tillage. 118 
Thus, the vector equation of triangle OAB in the kinematic diagram, as shown in 119 
Fig.2 (B), can be written as follows:  120 
a+ RS r rr                           (1)      121 
Projecting Eq. (1) into the x and y directions of the Rectangular coordinate 122 
system, respectively, yields 123 
21 coscos  RaS    and  21 sinsin  RhS          (2) 124 
Squaring Eq. (2) and summing gives 125 
22
222 sin2cos2  hRaRRhaS                          (3) 126 
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where sV is the velocity of HC, and 2 is the angular velocity of RR. 129 
Supposing that the direction of extending HC rod is designated as positive and 130 
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where q, v , D ,d are separately flow rate , volume efficiency, piston and rod 133 
diameter of HC. Thus, combining Eq. (4) and (5) determines the angular velocity 2 of 134 
RR. 135 
As shown in Fig.2, the triangle BAD in the kinematic diagram represents 136 
reversing rod (RR), so 3 2  . Consequently, the velocity of pivot D, i.e. the slider 137 
can be given  138 
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23  LLVD                       (6) 139 
Meanwhile, the velocity of pivot D in the kinematic diagram can also be rewritten 140 
as follows:  141 
D rV V V 
r r r
                    (7) 142 
where 4 MV  , whose direction is perpendicular to DE; r dMV dt , whose 143 
direction is along DE (Fig.2(B)).  144 



















dMVDE         (9) 148 
Combining Eqs. (7)~(9) determines the angular velocity 4 of BB. 149 
 2.2.1.2 Acceleration analysis 150 
As shown in Fig.2 (B), in order to determine the angular acceleration 4 of BB, 151 
the angular acceleration 2 of RR should firstly be calculated. Differentiating 2 with 152 















    (10) 154 
Note that the velocity sV of HC rod herein is constant due to the fact that the flow rate 155 
q of HC is invariable during HRP tillage.    156 
Supposing the accelerations of point D in the mechanism OADB and ADE 157 
are 1Da and 2Da , respectively, the 1Da - 2Da relation in Fig.2 (B) is therefore presented as 158 
follows: 159 
2 2 1 1 2 1 2 1
n n k r
D D D D D D D Da a a a a a
     r r r r r r              (11) 160 
Since
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0 2 0 0
3 2 2 3 2 3
2
cos( 90 ) sin( 90 ) sin( 90 )r DEDE
D D
MLK MLK V LKdVa
dt M
             ,  162 
then solving Eq.(11) can determine the angular acceleration 4 of BB. 163 
2.2.2 Kinetic analysis 164 
As shown in Fig.3, in the alternative commuting tillage process the loads acting 165 
on the main components of reversing mechanism (RM) include the thrust sF due to 166 
HC movement, the rotational moment of inertia gF from BB and the friction torque 167 
due to BB rotation. Note that the friction torque is neglected in this study because of 168 
good lubrication conditions. Thus, when HRP is at stable tillage, we have  169 
                              0g tF M 
r r
                      (12) 170 
where 4gF J , 2J mr , J and M are , respectively, the moment of inertia and mass 171 
of BB; r is the perpendicular distance between the particle of BB and rotational 172 
pin ; t tM Fb , tM is the moment due to RR impelling BB, and b is the perpendicular 173 
distance measured from point E to tF .     174 
Similarly, suppose all the frictions existing in the components of RM are 175 






R                       (13) 177 





                     (14) 179 
2.3 Multi-body dynamics and finite element analysis 180 
In this section, according to the actual operation performances of HC, firstly, 181 
MDA is implemented to investigate the dynamics behaviors of the ploughshare with 182 
the five different HC velocities under the two different HRP tillage scenarios; then, 183 
the resulting MDA load data are used to explore the stress and strain variations at the 184 
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share-point of the ploughshare to consider the effects of varying HC movements. 185 
During each simulation, the rotational position and angle of BB with respect to MB, 186 
as shown in Fig.1, vary with time, with the MDA solution outputting the load data at 187 
discrete time steps. Finally, these load steps are transferred to the FE analysis, where 188 
the stress and strain variations at the share-point over time can be predicted.  189 
2.3.1 Multi-body dynamics analysis 190 
The three-dimensional model of HRP, previously constructed as shown in Fig.1, 191 
was imported into MSC ADAMS motion software (Santa, Ana, CA, USA) in 192 
preparation for a multi-body dynamics analysis. Newton-Laphson iteration approach 193 
was used to numerically analyze the working characteristics of RM, especially of 194 
various HC movements, and then the loads acting on the share-point of the 195 
plough-share. This calculation is based on the practical tillage behaviors of HRP, as 196 
shown in Fig.1. During tillage, the moving parts of RM are, respectively, basic beam 197 
(BB), hydraulic cylinder (HC) and reversing rod (RR); the immovable part is main 198 
beam (MB). The tillage behavior is changed with the HC velocities, which are 199 
specified from 15 to 25mm/s in 2.5 mm increments. 200 
2.3.2 Finite element analysis 201 
The three-dimensional model of plough-share developed for the MDA was firstly 202 
constructed using feature-based modeling technique and then imported into ANSYS 203 
11 mechanical (ANSYS, Inc., Canonsburg, PA, USA) in preparation for FEA. For the 204 
purpose of obtaining accurate numerical simulation results, the strategy in this study 205 
was based on high-density mesh, in which each solid element has ten nodes for 206 
regions requiring high resolution (Fig. 4). Four-point Jacobian check method for the 207 
distortion level of tetrahedral elements was utilized to mesh the entire plough-share 208 
and especially fine meshing at the share-point (Fig.5). It is pointed out that 5730 209 
elements and 2124 nodes were used for the tool. Besides, according to the practical 210 
application, the plough-share herein was modeled as cast alloy steel material with a 211 
Young’s modulus of 210GPa and a Poisson’s ratio of 0.3.  212 
Boundary conditions, i.e. the loads acting on the share-point under the two 213 
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different HRP tillage scenarios (Fig.1), were imported directly from the MDA 214 
solutions. These solutions were divided into 51 load steps for each tillage process 215 
under the various HC speeds, i.e. 15, 17.5, 20, 22.5 and 25 mm/s. The force obtained 216 
in each load step was applied in the FEA at one node, which was chosen by finding 217 
the closest coordinate in the FE model to the plough-share force application in the 218 
MDA model. In the FE model, only the plough-share was represented with the 219 
relevant forces calculated by the MDA applied directly to it. Fig.6 schematically 220 
shows the constrained plough-share in accordance with the practical tillage 221 
application. Thus, the other parts or components of reversing mechanism were not 222 
modeled in the FEA, but their effects were included, without any loss of accuracy. It is 223 
noted that as the loading data came directly from the MDA models, where the other 224 
loads, e.g. joint forces and reaction forces etc. were in equilibrium, negligible stress 225 
values were subsequently recorded at the constraints. This is one of the important 226 
advantages of using MDA before FEA (Geradin M and Cardona A, 2001). 227 
Consequently, the element stress values were automatically written into an element 228 
table for each of the loading conditions for post-processing.  229 
3 Results  230 
3.1 MDA of two different tillage scenarios 231 
The force data on the share-point of HRP, used in the MDA, are presented in 232 
Fig.7. The force was calculated in accordance with the variations in HC speed under 233 
two different tillage scenarios (Figs.1and 5). For all the scenarios, an increase in the 234 
load magnitude at the share-point is observed when the HC speed is increased, e.g. 235 
from 15 to 25mm/s. In the Fig.7 (A), i.e. the first tillage process, the force at the 236 
share-point gradually increases to the maximum value firstly, and then decreases as 237 
the tillage position of HRP changes with time. As for the second tillage process, as 238 
shown in Fig.7 (B), the overall trend of the load variation at the share-point is always 239 
increasing or decreasing with the change in tillage time.  240 
Compared with the second tillage process, force splits at various HC speeds, e.g. 241 
25mm/s, are obviously observed in the first tillage process (Fig.7 (A)). This may be 242 
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explained as due to the mechanical failure of soil after the initial interaction between 243 
soil and ploughshare and, hence, the decrease in the maximum force exerted the 244 
share-point. In addition, the loads in Fig.7 (B) are larger than those in Fig.7 (A), 245 
possibly because of rapid soil flow pattern for the first tillage condition and, 246 
consequently, the reduction in the contact area between soil and ploughshare (Fig.8).       247 
Actually, during the real interaction between soil and ploughshare soil is drawn into 248 
the ploughshare domain through the share-point and then mostly flows out from the 249 
centre section of the ploughshare, as shown in Fig.8. The main engagement between 250 
soil and ploughshare occurs at the share-point where large amounts of energy required 251 
cutting, breaking down and reducing clod size. 252 
3.2 FEA in two different tillage scenarios 253 
According to the material, constraints and loads used for the ploughshare, the 254 
Finite Element predictions herein are primarily focused on Von Mises stress and strain 255 
on the ploughshare. The numerical calculations address the effects of HC movements 256 
on the ploughshare performance under the five different HC speeds and two HRP 257 
tillage conditions, respectively. 258 
3.2.1 The first tillage scenario 259 
Figures.9 and 10 show the maximum von Mises stress and strain distributions at 260 
the share-point for the first tillage scenario, where the stress and strain vary as the 261 
change in tillage behaviors of HRP, corresponding to the varying velocity of HC, 262 
i.e.15, 17.5, 20, 22.5 and 25mm/s. Theoretical and practical results have demonstrated 263 
that the highest stress and the maximum strain generally appear at the share-point of 264 
the ploughshare during tillage (Gill et al., 1967 and Koolen A J, 1983). From our 265 
analyses it is noted that all of the highest stress and the maximum strain at the 266 
share-point increase when HC speed is increased (Fig.11). For 15~25 mm/s of HC 267 
speeds, as shown in Figs.9~11, the highest stresses are 122.1, 168.6, 219.4, 272.2 and 268 
344.9 Pa, respectively; the maximum strains are, respectively, 0.582E-09, 0.803E-09, 269 
0.105E-08, 0.130E-08 and 0.164 E-08. The magnitudes in stress and strain at 25 mm/s 270 
are increased to 2.825 and 2.818 times compared against those at 15 mm/s. 271 
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3.2.2 The second tillage scenario 272 
Figures12 and13 show the maximum von Mises stress and strain distributions at 273 
the share-point for the second tillage scenario, where the stress and strain also vary as 274 
the change in tillage behaviors of HRP, corresponding to the varying velocity of 275 
hydraulic cylinder (HC), i.e.15, 17.5, 20, 22.5 and 25mm/s. An increase in the 276 
maximum stress and strain at the share-point is also observed when HC speed is 277 
increased, as shown in Fig.14. For 15~25 mm/s of HC speeds, as shown in Figs.12~14, 278 
the highest stresses are 1218, 1657, 2165, 2740 and 3383 Pa, respectively; the 279 
maximum strains are, respectively, 0.582E-08, 0.792E-08, 0.103E-07, 0.131E-07 and 280 
0.162 E-07. The magnitudes in stress and strain at 25 mm/s are increased to 2.778 and 281 
2.784 times compared against those at 15 mm/s.  282 
4 Discussions 283 
From the foregoing analysis, one interesting finding is the identification of the 284 
fact that the dynamic characteristics of HC do affect the working performances of 285 
HRP under the two different tillage scenarios. This finding suggests that all of the 286 
highest stress and the maximum strain at the share-point increase when HC speed is 287 
increased.  288 
A quantitative comparison of the von Mises stress and strain at the share-point of 289 
the ploughshare is made at the identified HC speeds under the two different HRP 290 
tillage scenarios, respectively. The maximum stress and strain at the share-point for 291 
the second tillage scenario are found to be much greater than those for the first tillage 292 
scenario. That is, the magnitudes in the stress and strain for the former, as shown in 293 
Figs11 and 14, are approximately increased to 10 times compared against those for the 294 
latter, respectively. This may be explained as due to rapider soil flow pattern for the 295 
first tillage condition and, consequently, the reduction in the contact area between soil 296 
and ploughshare; and due to much greater impact on the share-point at the identified 297 
HC speed for the second tillage scenario. 298 
Previous experimental and numerical studies have demonstrated that the highest 299 
stress by the draught force is located at the share-point of the ploughshare during HRP 300 
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tillage (Fig.15) (Lin Zhu et al., 2008 and Natsis, A et al., 2008). The maximum stress 301 
calculated is 87.18MPa. It is noted that the previous predictions addressed the effect 302 
of the draught force on the entire ploughshare, while the current calculations highlight 303 
the effect of HC movement on the share-point. This is basically because there exits 304 
the maximum stress at the share-point of the ploughshare. Compared with the 305 
previous result, the magnitude in the maximum stress by HC movement is too small. 306 
Moreover, the safe allowable stress of the material used for ploughshare, i.e. cast alloy 307 
steel is 448.1MPa. It is thus concluded that the maximum stress by HC movements 308 
can be neglected. The dynamic characteristics of HC do not affect the tillage 309 
performance of the share-point, and hence, shorten the service life of ploughshare. 310 
5 Conclusions 311 
Based on our previously related work, this paper addresses the effects of various 312 
HC movements, under the two different tillage scenarios, on ploughshare, especially 313 
on share-point using a combination of finite element analysis (FEA) and multi-body 314 
dynamics analysis (MDA). The numerical simulations show that all of the highest 315 
stress and the maximum strain at the share-point do increase when HC speed is 316 
increased. But, the results shown here demonstrate that the dynamic characteristics of 317 
HC do not affect the tillage performance of the share-point. This suggests that the 318 
various movements of HC under the two different tillage scenarios have no adverse 319 
effects on the service life of ploughshare, and that motion type of HC, i.e. uniform 320 
motion, absolutely favors the commuting tillage performances of HRP. Future work is 321 
now on-going to experimentally verify the numerical predictions obtained in this 322 
study.       323 
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Fig.1. (A) The first and (B) second commuting tillage processes of HRP, Hydraulic Cylinder 
(HC) with (C) magnified view and (D) main dimensions and variables: “n” is the speed of 
rotational pin. 
Fig.2. (A) 3D model and (B) 2D diagram of Reversing mechanism of HRP : “A、
E、O” are the fixed pivots of the reversing mechanism,“B”is the hinge joining HC 
and RR, “D”is the BB and RR，“S”is the lengths of OB, and“h” is the vertical 













Fig.3. Loads in the Reversing mechanism of HRP: “ ” is the angular 
velocity of the BB, “ tF ” is the thrust of HC movement, “ gF ” is the 
rotational moment of inertia force from BB and the friction torque due to  
BB rotation, and “ sF ” is the loads which exerted on HC. 
Fig.4. Schematic of parabolic solid element.  Fig.5. Meshed plough-share geometry.  











Fig.7. Share-point force data in the first (A) and second (B) tillage process 
plotted vs. tillage time from MDA. 
Fig.8.Soil flow pattern on the ploughshare.   
Fig.9. Maximum Von Mises distributions on the share-point at (A)15, (B) 17.5, (C) 










Fig.9. Maximum strain distributions on the share-point at (A)15, (B) 17.5, (C) 20, 
(D) 22.5 and (E) 25mm/s under the first tillage scenario of HRP. 
Fig.11. Variation of the maximum stress & strain on the share-point at five 
different hydraulic cylinder speeds under the first tillage scenario of HRP.  
Fig.12. Maximum Von Mises distributions on the share-point at (A)15, (B) 17.5, (C) 











Fig.13. Maximum strain distributions on the share-point at (A)15, (B) 17.5, (C) 20, 
(D) 22.5 and (E) 25mm/s under the second tillage scenario of HRP. 
Fig.14. Variation of the maximum stress & strain on the share-point at five 
different hydraulic cylinder speeds under the second tillage scenario of HRP.  
Fig.15. Stress distribution patters on the ploughshare by the draught force.    
